The utilization of powder cores for many power electronic applications has drawn a significant amount of attention owing to their attractive magnetic properties. However, because of their low relative permeability characteristics, a precise measurement of the core loss is very difficult to obtain. Imprecise estimation of the core loss may lead to an inaccurate thermal design of power converters. Measuring and calculating the accurate value of the core loss allows the circuit designer to design a more efficient system. This paper discusses the revalidation of electrical measurement by comparing the electrical method with the calorimetric method in powder cores. The calorimetric method is one of the most promising methods to accurately measure the core loss; however, it is time consuming. A difference less than 10% has been reported for the core loss measurement error while comparing the electrical method and the calorimetric method in various conditions. These results indicate that the electrical method using the B-H analyzer is effective for measuring the core losses in some conditions for powder cores. Along with the theoretical discussion, simulation and experimental tests are also conducted.
Introduction
The importance of manufacturing efficient and high-power density converters is growing along with the growth of the market in many industrial applications. Powder cores, which have a high curie temperature and a low relative permeability with high DC bias current are very attractive to be utilized in many power electronics applications, since they possess soft saturation characteristic and high saturation magnetic flux density. In addition, magnetic powder cores exhibit lower eddy current loss compared to discrete air gap ferrites, since powder cores have tiny air gaps distributed in material which eliminates fringing effects, as shown in Figs. 1(a) and (b). These attractive features have gained much attention in designing AC and DC inductors (1) - (6) . However, one of the drawback of the powder core is the difficulty of measuring accurate core losses due to the low relative permeability. For instance, the relative permeability of ferrite cores (Mn-Zn) is around 5000∼10000, and the relative permeability of powder cores is around 20∼200. Measuring the actual value of the core loss in these materials is essential, to ensure an optimum thermal design for the passive component (7) - (10) . In general, core loss measurement methods are categorized into two techniques: (1) electrical method (7) - (14) , (2) calorimetric method (15) - (19) .
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Electrical Methods
Electrical methods basically rely on measuring the voltage and current of the winding terminals. By processing these measurements, the core loss to calculate B-H loop can be obtained. Since these methods can be performed within a short time, it is highly reproducible. The accuracy of core loss measurement has been discussed in previous studies (7) - (12) . Among others, in case of powder cores, huge measurement errors are often encountered, which occurs as a result of the phase shift between voltage and current, due to the low relative permeability (11) (12) . Removing the phase-shift error in the core is important while obtaining the core losses in a magnetic material with low relative permeability, and it has been proposed before in (13) (14) . However, this method is difficult to implement, since it requires fine tuning of the cancellation element which can be very time consuming.
Calorimetric Methods
Calorimetric methods have been widely used in many power circuits to measure power losses of magnetic components (15) - (19) . The total power losses dissipate as heat, and it leads to a temperature rise of the core, measuring the temperature rise using the calorimetric methods gives a proper measurement of the core losses. Consequently, calorimetric methods are considered to be one c 2019 The Institute of Electrical Engineers of Japan.
of the most promising methods to attain accurate power loss measurements (15) . However, the measurement process is very time consuming to implement in real industrial applications.
As previously mentioned, measurement methods of core loss are categorized into two techniques; namely, electrical methods and calorimetric methods. Previous studies reported in the literature only discussed either one of the two methods, in terms of evaluating the accurate measurements of the core losses in powder cores. Furthermore, B-H analyzer was utilized while evaluating the accuracy of the electrical method (11) (12) . As a result, the measured value is influenced by the error introduced by the B-H analyzer, therefore, the measured value of the core losses is inaccurate compared to the actual value.
This paper discusses the measurement accuracy of the core loss in powder cores using the electrical measurement method. Furthermore, a comparison is conducted between the electrical method and a simple calorimetric measurement method. The purpose of this discussion is to reevaluate the measurement accuracy of the electrical measurement in powder cores.
This paper is divided into five sections. Sections 2 discusses the electrical measurement using the B-H analyzer including the measurement principal, and the measurement accuracy of the core losses. Also, the core losses of the two powder cores which have different characteristics are actually measured including DC bias conditions and temperature characteristics. Furthermore, this paper proposes implementation method for core loss calculation into a circuit simulator. In Section 3, the simple calorimetric measurement method is described including the measurement system and the measurement principal. The inductor losses of two powder cores actually measure in various conditions. In addition, the separation method of the core losses and the copper losses is discussed. In section 4, to validate the accuracy of the electrical method in core losses, both electrical measurement and calorimetric measurement are compared through the experimental test in various conditions. Finally, conclusions s are presented in section 5.
Core Losses Calculation using the Electrical Method
In this section, the electrical measurement using B-H analyzer is discussed. In this discussion, two toroidal powder cores from POCO Magnetic Co., Ltd., which have different characteristics were utilized to evaluate the measurement accuracy of core losses. Toroidal core is considered as one of the most popular shapes used in inductors. The specifications of the powder cores are tabulated in Table 1 .
Test Set-up of Electrical Method
Within various electrical methods, using the B-H analyzer is one of the most attractive method, thanks to repeatability and simplicity (11) (12) . Figure 2 (a) shows the experimental set-up. The experiential set-up consist of a B-H analyzer (SY-8218, IWATSU ELEC-TRIC CO., LTD.), a power amplifier, a DC power supply, and a ripple cut reactor.
The basic concept of measuring the core loss is as follows: three windings are placed around the CUT (core under test), and AC current flow in the excitation winding (primary windings), which is proportional to an AC magnetic field strength The DC current in the tertiary winding is proportional to the DC magnetic field strength H DC . Therefore, core losses can be measured under any DC bias conditions by injecting a DC current into the tertiary winding. Figure 2 (b) shows the CUT used in this measurement. The primary windings and the secondary windings used in CUT are litz wire with the diameter of 0.22 mm × 7, to realize low an AC resistances. The tertiary winding is single wire with the diameter of 0.8 mm, with the purpose of achieving low a DC resistance.
Accuracy of Electrical Measurement
Due to the low relative permeability of the powder cores, the core loss measurement is very sensitive to phase shift error, and it is very difficult to obtain accurate measurements.
The electrical equivalent circuit of CUT is shown in Fig. 3 (a) (11) (12) . The magnetizing inductance is represented as L m and the resistance R FE represents the loss in the magnetic core (R FE = V core 2 /P loss ). The winding capacitances of the primary windings and the secondary windings are denoted by C w . The vector diagram of current and voltage in the CUT is shown in Fig. 3(b) . In this test, since the capacitive current i cw is much lower than the inductive current i Lm , the parasitic winding capacitance can be neglected (f < 1 MHz) (11) (12) . In the powder core, the low relative permeability allows for high values of magnetizing inductance current. Therefore, the phase angle between the primary current and the secondary voltage of the CUT approaches 90
• . The electrical method is high sensitive to the phase shift error. The phase shift error is caused by delay of voltage and current sensing. The core loss measurement error can be expressed as follows (7)- (12) :
Where E is the percentage error in the core loss, θ is the actual phase shift between the sensing voltage and the sensing current, and φ is the phase shift error. Figure 4 shows measurement error properties. It is noticeable that the when the phase difference get closer to 90
• , it produces more than a 100% error. In order to reduce measurement errors, the test is performed using the phase error correction function in B-H analyzer, which can achieve a measurement accuracy tolerance of ±0.15
• .
Core Loss Measurement using B-H Analyzer
The measurements were obtained under the following conditions: excitation voltage is sinusoidal waveform, frequency range is from 20 kHz to 60 kHz, maximum flux density B m range is from 0.025 T to 0.15 T and the DC magnetic field intensity H DC range is from 0 A/m to 8000 A/m. Figure 5 shows the core loss per unit volume P cv -B m characteristic. It is clear that the core loss for each core increases with an increase in B m because the core loss depends on the area of the dynamic minor loop, which increases as B m increases. In addition, the core losses of core A is almost three times of core B. Since core B material consists of Fe-Si-Al, therefore, it exhibits low core loss characteristics (3) . Figure 6 shows DC bias characteristics of core losses. It is shown that core losses change depending on DC bias magnetic fields, and the two cores can be characterized as follows: (1) the core losses of the core A gradually increase with higher values of DC magnetic field intensity, (2) the core losses of core B gradually decrease with higher values of DC magnetic field intensity. These characteristics are highly dependent on materials. Figure 7 shows the phase angles for the cores under test. These results had been averaged, after repeatedly conducting this test for five times. The phase angle values of core A is between 88.4
• to 88.8
• , core B is between 89.6
• to 89.8
• . The tolerance of these results is within ±0.01
• during five measurements outputs. Figure 7 shows that the phase angles decrease from 90
• as the core loss increase. Also, the phase angles approach 90
• as the core loss decrease. These results indicate that the core losses measurement of core B with low core loss is more difficult than core A. Since these cores have phase shift tolerance of ±0.01
• , it is possible to measure materials up to θ = 89.8 (at 20 kHz) when the expected measurement accuracy is under 5%. Although there are few variations between measurements in the measurement error, the measurement accuracy of the B-H analyzer is 0.15
• . This measurement accuracy in the B-H analyzer may lead measurement errors which is 10∼15% in core A and 37.5∼75% in core B. In order to verify these possibilities, in section 4, measurement results using the electrical method are compared with results using a simple calorimetric method.
In electrical methods, the measured core losses are obtained while the excitation waveform is sinusoidal. In order to use these data in power electronics applications, the common approach for estimating core loss is improved Generalized Steinmetz Equation (iGSE), this formula is used to calculate core losses under square-wave excitation at the respective fundamental frequency (7) .
Where ΔB is peak-to-peak flux density (ΔB = 2B m ) and k i , αβ are material parameters. The iGSE is capable of calculating core loss of any flux waveform, without requiring extra material parameters beyond the steinmetz parameters gained from sinusoidal excitations. In addition, the Steinmetz Premagnetization Graph (SPG) is used for the core loss calculation under DC bias conditions (9) . The SPG is a way of considering the change of Steinmetz parameters of iGSE. By applying the SPG to the measured core loss data, it is possible to calculate the core loss under any excitation waveform and DC magnetic field bias conditions.
Temperature Characteristic of Core Loss
In order to realize accurate the core losses calculation, it is necessary to investigate the temperature dependence of the powder core measuring the core losses. Figure 8 shows the dependence of core losses on the temperature, at 25
• C and 75
• C. It can be clearly understood that the change of core losses is under 2% between 25
• C. These results indicate that core loss of the two powder cores under the test is not sensitive to a temperature rise from 25
• C to 75
• C. Figure 9 shows the temperature dependence of the relative permeability in core A. Figure 9 indicates that the lower the permeability, the less dependence of relative permeability on temperature. Since the relative permeability of the powder cores used in this experiment is almost not affected by temperature variation, the temperature dependence of the core losses are small. From these reasons, it can be concluded that the core losses of the powder cores used in this experiment does not need to consider temperature variations up to 75
• C.
Core Loss Calculation using Circuit Simulator
If the core loss calculation of powder cores can be modeled into a time-domain circuit simulator, the core loss of powder cores with respect to various circuits can be sufficiently evaluated before constructing a prototype, so that number of hardware iterations can be reduced. Therefore, this paper proposes implementation method for core loss calculation into a circuit simulator, in this section. Using the core loss data obtained by the electrical method, core loss calculation is implemented in the circuit simulator as follows.
Firstly, non-linearity of the relative permeability is modeled. The model based on a permeance-capacitance magnetic circuit is built up in the system-level simulation platform PLECS (Plexim GmbH), by utilizing the magnetic components listed in the library and c-script (20) . The permeancecapacitance based magnetic circuits representing the core can be directly parameterized using the geometrical and material 
Where the cross sectional area A and magnetic path length l are geometry-related constant parameters once the core is selected, and μ 0 is the permeability of vacuum. The relative permeability μ r (H DC ) accounts for material characteristics which continuously change depending on the magnetic field strength H DC . While, the characteristic of the relative permeability μ r (H DC ) can be expressed by (5) using the fitting model proposed in (6) .
Where, the parameters p, q and r are material-related constant parameters. By solving (4) and (5), the permeance P (H DC ) then can be represented as follows:
Regarding the relative permeability considering the DC bias characteristics, Fig. 10 shows the comparison result between approximated results obtained from (5) and Table 2 , and measured values. It is clear that the approximated results using (5) is consistent with the measurement results. These results shows that the DC bias characteristics of the relative permeability can be accurately modeled in two cores with different properties. Furthermore, the core loss characteristics calculated using iGSE are implemented in the simulation model.
In order to evaluate of core loss calculation method using the circuit simulator, we conduct the core loss simulation with the bidirectional DC-DC converter. Figure 11 shows the Table 2 . Inductor parameters Fig. 11 . Core loss calculation model in Bidirectional DC-DC converter with a permeance-capacitance magnetic circuit circuit configuration of the bidirectional DC-DC converter with the inductor core loss calculation model. In the bidirectional DC-DC converter, the flux density ripple ΔB and the DC bias magnetic field strength H DC of the magnetic core can be calculated as follow
Where, V i is input voltage, d is duty ratio, f s is switching frequency, N is number of turn.
Where, I L is inductor average current. Figure 12 shows the simulation algorithm flowchart to calculate core losses including DC bias conditions in the cscript. For example, the simulation is conducted considering the following two conditions Since these results almost agree with the DC magnetic field bias characteristic of the relative magnetic permeability shown in Fig. 10 , it can be said that the DC magnetic field bias characteristic of the relative permeability can be accurately modeled. Furthermore, when inductor average current I L change from 0 A to 10 A, core loss increases 0.43 W to 0.57 W, as a result of a drop in the relative permeability.
The simulation results of the core losses are discussed in section 4. Figures 14(a) and (b) show the test system and a picture of the calorimeter. The thermal pot (JBI-273, THERMOS K.K.) has a simple double jacket structure with the vacuum between inner and outer insulating enclosures. This structure allows to separate the inner hot air from the ambient air, easily improve the measurement accuracy of the calorimetric method. The measurement sample of the inductor is insulated from the thermal pot with the insulating tape. During the experiment, the calorimeter is covered with another thermal insulation sheet to minimize the heat leakage. There is certain amount of coolant in the thermal pot. In this test, Fluorinert R (FC-43, 3M Company) is used as the coolant, which has high Table 3 . Specification of bidirectional DC-DC converter electrical insulation. Also, Fluorinert R is high heat conduction capabilities owing to high density and low kinematic viscosity. Three thermocouples are used for temperature measurements. All of these are attached to the bottom of the thermal pot to measure temperature of the coolant as shown in Fig. 14(b) . All wires are passing through the hole in the thermoelectric pot cap. The hole is covered with insulation tape. Figure 14(c) shows the simplified schematic of bidirectional DC-DC converter, and specifications are listed in Table 3 .
Core Losses Calculation using the Calorimetric Measurement

Experimental Setup of Calorimetric Method
Before measuring inductor losses, calibration test are conducted which the relationship between the loss and temperature rise is measured with a reference heat generator. In this test, the winding resistance of the CUT as the heating element is selected. By using the winding resistance of CUT, it is possible to measure the relationship between losses and temperature rise under the same condition as the actual core loss measurement test. The winding resistor is heated by DC currents. Stirring is necessary for the uniform temperature of the coolant. After a fixed period of time, around five minutes, the injecting current shall be stopped, and the value of temperature rise in the pot shall be taken. The energy dissipated by the CUT can be calculated from measured values of the temperature rise ΔT [
• C] of the coolant as follows: 
Where Q [J] is heat energy, m is mass of the coolant, and c [J/(g K)] is the specific heat capacity of the coolant. Since the heat energy Q [J] is proportional to temperature rise ΔT [
• C], the power loss [W] can be calculated form the relation of the time and the temperature rise. After conducting the experiments, the CUT shall be cooled down to reach the ambient temperature. By repeating the measurement process under different power loss conditions, the relationship between the power loss and temperature rise can be plotted. Experimental results are shown in Fig. 15 . The least square method of the linear regression calculations is utilized to linearize the temperature rise of the calorimeter, and a slope ( • C/W: heat resistance) in (9) for each loss was calculated. For example, in Fig. 15 , when the CUT is excited at the power level from 0.2 W to 1.9 W, the relationship between power level and temperature rise can be expressed as
Where y is the temperature rise of the calorimeter, x is the power, and the second term of (10) is the offset temperature of the calorimeter. Microsoft Excel is used to perform the linear regression calculation. Once the reference line equation is obtained, losses of the inductor in the calorimeter box can be calculated.
Separation of Core Loss and Copper Loss
In calorimetric methods, since the total loss of the CUT includes the copper loss, it is necessary to separate the core loss and the copper loss in order to calculate the core loss. The copper loss consists of the DC resistance loss and the AC resistance loss. It is extremely difficult to accurately calculate the AC resistance loss caused by the skin effect and the proximity effect. In this study, the copper loss is calculated assuming that the resistance of the copper wire is the same as the DC resistance. Since the thickness of the winding of the inductor is 0.8 mm and the skin depth at the switching frequency of 20 kHz is 0.46 mm, AC resistance is not taken into consideration. Also, the proximity effect is not considered for simplifying the calculation (23) (24) . Using the measured DC resistance shown in Table 4 , the copper loss can be calculated as follows:
Where, P cu is the total copper loss, I DC is the AC current, I AC is the ac current and I L rms is the inductor effective current. The core loss can be calculated by subtracting the copper loss from the total loss which is the result of the simple Table 4 . Inductor parameters calorimetric method.
Comparison between Electric and Calorimetric Calculation Method
In this section, in order to reevaluate the core losses calculation accuracy of the electrical method, results using the electrical method are compared to the calculation results using the calorimetric method. Figures 16(a) and (b) show the dependence of the core losses on ΔB, under different DC bias conditions. The simple calorimetric method is compared to electrical method using the circuit simulator and experimental results. Shown that core losses change depending on DC bias magnetic fields, and, the measurement tolerance of both methods is below 0.03 W. Since core losses measurement range of the core A is from 0.7 W to 1.5 W, the core loss measurement accuracy range is from 2% to 5%. On the other hand, the core losses measurement range of the core B is from 0.3 W to 0.8 W, and the core loss measurement accuracy range is from 4% to 10%. In addition, Fig. 16(c) shows the characteristics of the duty cycle in the core loss. The measurement tolerance of both methods is below 0.04 W. Since the core loss measurement range of core A is 0.4 W to 1.1 W, the accuracy of core loss measurement is 2 to 10%. As these results, the actual errors are sufficiently less than the assumed error mentioned in section 2. These results indicate that the accuracy of the electrical method is sufficiently high within these measurement range. From these results, it is conclude that the accuracy of the electric method is sufficiently high using the powder cores used this test.
When measuring a smaller core loss range using the calorimetric method, the measurement accuracy decreases because the loss becomes lower. Therefore, another verification such as adjusting the amount of coolant is necessary. In the electrical method, the frequency increases, or when measuring the core loss of the powder core having less core loss characteristics, the measurement accuracy decreases. Also, if a powder core having a lower relative permeability is used, the measurement accuracy of the core loss decreases. These problems shall be addressed in the future.
Conclusion
In this paper, in order to reevaluate the measurement accuracy of the electrical measurement in powder cores, a comparative study of two core loss calculation methods for powder cores has been performed considering DC bias conditions and duty cycles. The first method is the electrical method using by the B-H analyzer and IGSE. The electrical measurement method can easily measure the core loss under many conditions including the DC bias characteristics. The second one is the calorimetric method using the simple calorimeter. A simple calorimetric method is characterized by high measurement accuracy, although it is a time consuming method compared to the electrical measurement method. In addition, core loss calculation method of powder cores using the timedomain circuit simulator is proposed. The core loss calculation method using the time-domain circuit simulator can easily calculate the core loss of the inductor according to the circuit topology under various conditions. As a result of the evaluation, in two different core materials, the electrical method and calorimetric method were compared under various conditions, and core loss calculation difference of less than 10% was confirmed. These results indicate that the electrical method is very practical in terms of accuracy and reproducibility since the measurement accuracy is almost the same as the measurement method of simple calorimetry in some conditions.
